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CHAPTER 1

INTRODUCTION

1.1 . General Considerations and Requirements

The evolution of the second generation magnetic balancel
at the M.I.T. Aerophysics Laboratory indicated the need for
a small subsonic wind tunnel which would be simple to operate
and could simulate the aerodynamic loads (similar dynamic.
pressure) on models tested in the supersonic (M = 4.25)
facility. The immediate advantage of such a wind tunnel
would be to provide the initial operational experience and
evaluation of the magnetic balance at a considerably reduced
‘operating cost. The goal in the construction of this wind
tunnel was to incorporate into its design as many desirable
features as possible in order to make it a high efficiency,
low turbulence wind tunnel for general laboratory use.

The principal geometric requirement for the tur-el was
that the test'section be compatible with the magnetic
balance "test" region. This ;imited the maximum test sec-
tion size to 7 1/2 inches in diameter. 1In addition, the
area in which the wind tunnel would be located restricted the
"overall tunnel length to less than 35 feet. An open circuit
tunnel configuration was chosen both for simplicity in
construction as well as the reduction in overall size by
onission of the flow return duct. A practical consideration
in a closed circuit wind tunnel design is the addition of a
method for cooling the air in the tunnel circuitz. Since
this tunnel was to be installed in a reasonably large test
room, this aspect of the design was unnecessary.



The dynamic pressure in the test section was originally
chosen to be 1.5 p.s.i. as a basis for power requirement and
performance calculations. This value corresponded to the
maximum dynamic pressure of the Hypersonic Flow Apparatus
at NASA Langley at which a magnetic balance installation was
proposed. From these calculations and cost considerations
the maximum tunnel dyramic pressure was extended above this
value for the particular fan and po. 'r plant selection that
matched the calculated wind tunnel requirements.

1.2 Components of an Open Circuit Wind Tunnel

The principal parts of an open circuit wind tunnel are
shown in figure 1. A functional description of the various
components follows.

i., Effuser. The effuser is located ahead of the test
section and should consist in part of a large constant area
region known as the stilling section. This is followed by
a contraction section, where the flow is accelerated to its
maximum value at the test section. The stilling section,
because of the low flow velocity in it, is a practical loca-
tion for placing screens and honeycomb to reduce the flow
irregularities which eventually go through the test section.
The contraction section should create a continuously increas-
ing flow ""~locity along its length.

ii.) Test Section. The test section should be the

region of maximum tunnel velocity and is where models

are normally tested. 1t should be easily accessible as well
as provide viewing access to the model being tested. It is
desirable to obtain uniform steady flow velocity along the
test section length and a minimum variation of the axial
velocity across the test sect on.

iii.) Diffuser. Downsi..am of the test section the flow
should be dece.erated as efficiently as possible in orxder to
minimize the loss of flow kinetic energy. Particular effort
should be made to avoid flow separatioﬁ'in the 8iffuser, which



can markedly decrease its efficiency and affect the overall

tunnel performance.
iv.) Power Plant. For subsonic tunnels the power plant

usually consists of a fan driven by an electric motor. It
provides the necessary pressure rise to overcome the loss in
pressure in the tunnel circuit. The proper choice of fan
and motor is required in order to obtain efficient tunnel
operation.



CHAPTER 2

WIND TUNNEL DESIGN CONSIDERATIONS

2.1 Power Requirements

The power required to maintain steady flow through the
wind tunnel is equal to the total losses occurring in the
flow through the tunnel. These losses are due to kinetic
- energy being dissipated by vorticity and turbulence. The
loss in kinetic energy, which appears as a decrease in total
pressure, must be compensated by a pressure rise, usually
provided by a fan. Thus, if the power input to the fan is
P (i.e. motor shaft output) and the fan Las an efficiency n ,
the equation balancing the energy input to the stream to the
energy losses in the tunnel is

| 'ZP= ZCII’CUH’. LOSSRS (2.1)

As has been pointed out in reference 2, *he tunnel can be
divided into sections with the energy loss of each section
written as a drop in pressure 48p or a pressure drop

coefficient ki =AP./qo where 9, is test section dynamic
pressure (1/2 pOVB ). The flow eniergy through the test sectioa
is

. k-
E.—"z':fvoV, (2.2)

The energy loss in each tunnel section is

AE; = A%P (*‘?;-'P.: A.'.Va.) | (2.3)




Substituting equation (2.1)

= K (zPoo>

Z.Ptvz <ZF‘AV )

(2.4)
AE;_ = K (%Fovoz)Ai.Vi
(2.5)
The continuity equation is
pPiViAc= PVGA, (2.6)

which gives

( )(zfo 2A.) 2.

: p
For subsonic flow with M < - 4, 52-2 1 (within 1%) and
equation 2.1 becones .

3
'ZP = "‘i'fovo Ao z‘:_ K¢ (2.8)

The required power for a given test section size and
flow conditions depends on the sum of the pressure drop
coefficients (Ki) in the various tunnel sectioans. A reduc-
tion in these coefficients improves the tunnel efficiency.
A quantity relating to the tunnel performance is the energy
ratio defined in reference 3 as '

o faVo A, _ |
'E'R’_NQ'P = % < (2.9)

and is a measure of the tunnrel efficiency.



2.2 Calculation of Pressure Losses Due to Skin Friction

The methods for predicting pressure losses in ducts due
to skin friction have been well documented in the literature4.
Experimental values of skin friction coefficients are avail-
able for various wall roughnesses and thereby enable accurate
estimates of pressure losses to be made. The pressure loss
for a circular cylinder can be determined by the following
formula: ' - '

o T di
AP = S Azpve) o (2.10)

o

‘The friction coefficient A is generally tabulated as a A
function of the Reynolds number. This is shown in figure 2.
In the case of a non-circular cross section one can define
a hydraulic diameter Dh = 5%- where A is the cross sectional
area and C is the wetted perimeter. It has been shown .
expérimentally4 that using the hydraulic diameter for non-
circular cross sections gives good results with laws for
circular pipes in the turbulent regime (ReD‘h > 2000).

Pope2 has shown that both wall friction and expaasion
losses occur in divergent~sections. “he combined losses for

a constant divergence angle a are
- i 4 4
AP = 5PV < BTaNe T OCTAN ?_)Q _;)_; (2.11)

where D1 = small diameter, D2 = large diameter, D° = test
section diameter. Differentiation of equation (2.11) leads
to an optimum erpansion when

X - A
TAN=Z = a8 (2.12)



2.3 Additional Pressure Losses
Aside from skin friction losses in the tunnel circuit,

the following iosses occur.
Damping Screens. Wire screens, which are used for the

reAd: tion of-turbulénce, produce losses in pressure which
are dependent on the screen mesh size and diameter of wire
used. Pressure drop coefficients for commercially available
wire screens are neasured as the ratio of the pressure loss
through the screen to the local dynamic pressure. Pressure
loss coefficient data for various screens is shown in
figuwce 3.

Honeycomb. In addition to screens, honeycomb is
scinetimes used for reduction of turbulence, particularly

S has measured

transverse velocity fluctuations. Roberts
honeycomb losses to be approximately 0.20 times the local
dynamic pressure. This value is considerably lower than the
r commended pressure loss coefficients for screens.

" Diffuser Exit. For an open circuit tunnel an additional

pressure loss results from the discharge of the flow kinetic
en:rqgy at the tunnel exit. The loss is just equal to the
dynamic press .ce at the diffuser exit.

Corners. Losses that occur at corners or where the flow
turns can be computed by methods described in references 2 and
3 which give value; of. pressure drop coefficients for various
types of turning vanes. In open circuit tunnels, cornexs
are not advisnsble unless the available space is limited.

Model Nray. The effect of a model placed in the test
section i uéually considered as an additional power require-
ment r¢ her than a pressure loss. The power required to
over~ome the drag of a model in the tunnel is

—é-_fVZ’SCD& | (2.13)



‘where S is the model area on which the drag coefficient, C
is based. The factor € allows for the additional power
requirements due to the interference of the model on the

D’

flow in and downstream of the working section. This factor
is normally on the order of 1 but can be as high as 10 in
some cases.

2.4 Effects of Wind Tunnel Component Geometry on the Power
" Required

The required power for a specified test section size and
dynamic pressure can be varied by altering the geomeiry of
the remaining wind tunnel components. Since the test section
area and length for tlLe proposed tunnel were fixed by geomet-
rical constraints, the effect of various effuser and Giffuser
geometries on the power required were analyzed. The test
section conditions were the following:

Area = 32.6 sq. in.
Length = 36 in.
Dynamic Pressure = 1.5 pounds per square inch

a.) Contraction Section Losses

The losses in the contraction section are due to
skin friction and can be computed from formula (2.10).
Assuming a constant taper for the contraction and integrat-

ing gives
AP _ N Lo  _ D}
zPVE 4 D.-0 of (2.14)

where Lo is the ;ength, D, the test section diameter and
Di the inlet cone diameter. Note that for non-circular sec-
tions one can replace the diameters with the hydraulic
diameter defined in section 2.2. The results obtained for
. _ . Diz
various contréction ratios =;—§. are shown in figure 4 for
: o

both constant length and L, = 2D,. The coantraction cone



length is normally chosen to be thce the inlet diameter.
This choice gives a mlnlmam-value ‘of: loss coeffzcmentﬂfoz
30:1 contraction ratio.
b.) Diffuser lLosses
The diffuser losses are due to both skin friction

and expansion. In order to avoid separation in the diffuser,
the maximum divergence angle should be approximately 5° ’
total anglez. This value agrees with the optimum expansion
angle (equation (2.12)) for a friction factor A= 0.011.
Calculations of pressure loss coefficients were made for a
5° divergence angle diffuser using equation (2.11). The .
addition of exit losses results in a total ‘diffuser loss
coef;1c1ent equal to

= (3 14 A +0. OZGZXI Dq) (D ) (2.15)

wiere De is the diffuser exit diameter. Pressure loss

2.?'

coefficients for various exit diameters are shown in
figure 5. It can be séen that the pressure loss coefficient
decreases at a reduced rate with increasing exit diameter
above an exit diameter of approximately 20 inches.

c.) Test Section lLosses

The test section louss coefficient for a constant
area section using equation (2.10) and a mean value of the
- friction factor reduces to

AP _ 5 L (2.16)
Ve D,

For the test section design chosen at a dynamic pressure of
1.5 1b/sq in, the pressure loss coefficient is

AP .

NS T (2.17)
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- d.) Stilling Section Losses
The losses in the stilling are primarily due to-

screens used for turbulence reduction. The recommended
screen mesh_should givefa'pressure loss equal to twice the
local dynamic pressuie (see section 2.5). Here, again, the
contraction ratio affects the total wind tunnel pressure loss
due “0 the screens. For a given choice of screen pressure
loss-:oefficient_ k, the tunnel pressure loss coefficient is

(D° ) (2.18)
.szVQ

" Since the losses are inversely proportional to the square of
D. 2
the contraction ratio, (Bi) s it is desirable to hLave a large
contraction ratio for power economy.
2.5 ~Turbulence
One of the most important quantities which affects

measurements in a wind tunnel is the turbulence or unsteady
motion superimposed on the mean flow. In order that simula-
tion of free flight might be properly made, it is desirable
to reduce the turbulence in the test section to a minimumn.
The effect of increasing the turbulence in the test section
is to increase the effective Reynolds number. A higher
Reynolds number tends to produce natural turbulence. The
boundary layer transition point on a model will move forward
with increasing tunnel turbulence and produce a turbulent
boundary layer over a larger portion of the model with pro-
nounced changes in the force and moment coefficients. The
separation characteristics of some models will be markedly
changed with increased tunnel turbulence, particularly at
low Reynolds nurbers where laminar separation is expected.
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The level of turbulence in a wind tunnel can be expressed
as the ratio of the mean velocity*fluctuations to freestream-
velocity. For isotropic turbulence the mean velocity fluc-
tuations in the three coordinate directions a’e equal:

The turbulence level can then be defined as
— - o=
T (VRSN _ JVF
= (2.20)
Vo v,

where Vb is the mean tunnel velocity.

The turbulence may be found by measuring the critical
Reynolds number of a sphere at which the dra coefficient
decreases sharply. This critical Reynolds number of a sphere
at which the drag coefficient decreases sharply. This crit-
ical Reynolds number depends strongly on the turbulence
level in the tunnel. A high inteasity of turbulence leads
to boundary layer transition at low Reynolds numbers, caus-
ing the separation point to move downstream and thus
decreasing the wake, which in turn reduces the drag. The
critical Reynolds number for a sphere in free £liight has
been measured to be 385,000. The turbulence factor is
defined® as

TE = 585,000
| Rec

(2.21)

where Rec is the critical Reynolds number at which the sphere
drag coefficient equals 0.30. The effective Reynolds nunmber,
Re,, in the test section is defined as

Re.= (Tr)Re (2.22)
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The effecfive Reynolds number thus increases with increasing
turbulence level. The relation between the turbulence
‘factor and turbulence level is shown in figure 6. The tur-
bulence level can be measured using hot wire techniques.
These are described in a later section. . )

2.6 Turbulence Reduction

The conventional methods for reduéing the turbulence
level in the test section involve the use of screens and
honeycomb. The effect of a screen on the turbulence is
dependent on the screen pressure loss coefficient K-
defined as ' ‘

= &P (2.23)
zPV

where AP is the pressure drop across—the screen and 1/2 sz.

is the dynamic pressure of the flow through the screen.

Collar6 has shown that the fluctuating axial component of

velocity,V,, is reduced as
[ 4

v& = z2—-K
V,( 2+«

(2.24)

where V'# is the fluctuating velocity downstream of the screen
and Vx the fluctuating velocity ahead of the screen. The
fluctuating component disappears downstream of the screen for
K = 2.0. Batchelor7 has shown that the mean square velocity
fluctuations, whose mean is zero, decrease as
vE _ [i-?sk “
_ where Vi and.V;‘2 are the mean square axial turbulent fluc-
tuations upstream and downstream of the screens, respectively.
From this Gzivanishes for K = 2.5 which is comparable to that
required for steady flow.. A similar expression for the

transverse components is

Yy Va K &
== = — = "'" = (2.26)
Vg Vi 01+ %5 k)
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which irliicates that the transverse components are less reduced®

8 have shown N

than =..z axial component. Dryden and Shubauer
experinmentally that the intensity of turbulence is reduced
by ' ‘

—— —-—

T Yi+x (2.27)

.They have also shown that the turbulence is further reduced
if several sc¢reens are used with the same total pressure drop

R T I

as for one screen. If n is the number of screens, each
with a pressure drop K, the turbulence is reduced by

[

|8

T ! '
i pd (2.28)
ST (k)%
as compared to
I = (2.29)

T (ak)%
for a single screen with the same total loss coefficient. Tt
is therefore advisable to use several screens for a given
total pressure drop coefficient.

The use of honeycomb in reducing the wind tunnel turbu-
lence appears to be primarily effective in reducing the
transverse components. of velocity fluctuation, more so than
the axial components. This tends to complement the lesser
effectiveness of the screens to reduce the transverse
components of velocity £fluctuations (equation (2.26)).

The combined use of screens and honeycomb will provide a
reduction of turbulence in the tunnel. Their location should
-be in the region of least velocity, ahead of the test section
both to reduce the tunnel pressure losses and the.unit Reynolds
number in that region.

2.7 Test Section Boundarv Laver Growth

Due to the growtn of the boundary layer on the test sec-
tion walls, the £flow velocity will increase along the length
of the test section for a constant area test section. If
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uniform veloqity distribution is desirable along the test
section length, the cross-section area must be gradually

. increased along its length to allow for the boundary growth
on the walls. The divergence of the walls should be eqgual to
the boundary layer displacement thickness (6*).

Experimental data for obtaining values of boundary
layerx displacement thickness versus length for various
Reynolds numbers are tabulated in reference .2. It should be
noted that a choice of wall diversgence will be proper for
only one test Reynolds number. A constant taper is usually
used for the entire test section based on a mean value of

Reynolds number.

ORIGINAL PAOE IS
OF POOR QUALITY
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CHAPTER 3

VVIND TUNNEL CONSTRUCTION

3.1 Construction of Wind Tunnel Components

An open circuit wind tunnel was designed and con: ted
incorporating features discussed in Chapter 2. The &z led
wind tunnel attached to the magnetic balance is shown in
figure 7. A sketch of the assembled tunnel in figure 8 shows
the overall dimensions and components. A brief description
of the tunnel components, as well as the Aerxophysics
Laboratory drawing numbers, is given below.

a.) " Test Scction (D-8-868, D-8-871, D-8,873, D-8-883)

The test section was designed to be compatible with

the magnetic balance. Transparent plexiglass was used in
its construction to provide viewing of the model. An
octagonal cross section was chosen to optimize the available
space inside the balance while at the same time'providing
plane surfaces on the walls to elimirate optical distortion
of the model. The test section has a constant taper on its
walls to allow for boundary layer growth. The test section
is supported inside the magnetic balance with flanges
attached at either end of the balance. 2 frame was con-
structed to hold these flanges when the tunnel is operated
without the magnetic balance,
b.) Contraction Section and Stilling Section (Dwgs
=-8-872, D-8-869, D-8-880)
The contraction section and stilling section were

made of wood (pine), and both have octagonal cross sections.
A 20:1 contraction ratio section was cdesigned using contours
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similar to those recommended by Tsien® at the small end cf
the contraction section. The stilling section contains
three screens (20-mesh, 0.016 in. wire) anéd a 2-inch 1r
honeycomb section with 1/4-inch cells. The stilling se.-
‘tion has a faired inlet to &void an abrurt bouvndary to the
incoming flow. Both sections are mounted oa a stand with
roller tracks to permit fore and aft movement wi‘ly respect
to tre test section. The cc...raction section is joiﬁed to &
the test section by a mating flange and three snap-clamps
which compress an O-ring, thereby sealing the joint. For-
wéid movement of the inlet section provides access to the
test section.

c.) Diffuser (Dwyg E-8-881)

The diffuser was made of wood (mahogany) and is
octagonal in cross section. A constant divergence angle of
5° beiween opposing walls was used. The diffuser attaches
to the downstream test section flange. The diffuser exit
matches the fan inlet with a 9.5 in. inscribed radius.
Coupling between the diffuser exit and fan inlet is accom-
plished by the use of two inflated rubber tubes which are
compressed between flanges on the fan and diffuser. This
provides an air-tight seal between the two as well as
vibration isolation. Three access hatches are located
along the diffuser, and a coarse screen (2-mesh) is located
at the diffuser end to protect the fan.

d.) Powver Plant (Dwg D-8--885)
A centrifugal blower driven oy a 20 h.p. direct-

current motor provides the power to tlie tunnel. The blcwer
is mounted on an elevated platform with the fan discharging

through the platform and into a baffle.

3.2 Power Recuiremcnt Estimate

The power requirements {or the tunnel were calculated
using the methods described in Chapter 2. The reguired power
for various mass flow rates through the itest section is

snown in figure 9., The tunnel maximum dynamic pressure
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could be increased 'rom 1.5 lb/sq. in. to 2.5 1b/sq. in. with
a 10% cost increase for the driving unit. The additional
power versus mass flow rates for the extended tunnel opera-~
tion is also shown in figure 9. The required fan pressure
rise versus mass flow is shown in figure 10.

3.3° Wind Tunnel Enerqgy Ratio Estimzate
The tunnel energy ratio defined in equation (2.9 ) is
shown in figure 1l for various mass flow rates.

3.4 Fan Selection
" The far chosen for this tunnel is a centrifugal fan,
type No. 20 SISW, made by the Chicago Blower Corporation.

The operating characteriscics of the fan are shown in
figure 12, as well as the estimated tunnel operating require-
mneats.

2.5 Moter Selection

A 20 h.p. direct-current motor was sel=cted to drive th
centrifugal blower. The motor is a type CD-85 ixade by the
General Electric Company. The maximum speed for this motor
is 3600 r.p.m.

"~ 3.6 Consti:xction of Power Suoply and Motor Speed Control

In order tc¢ nave motor speed control from zero to 3600
revolutions per minute, two separate power supplies were
designed. The supplies provide a variable volcage to the
mdtor armature and fieid windings, respectively. The motor
windings for the type used in this wind tunnel have a
"stabil ized shuwat" arrangement shown in figure 13. The
rotor speed can be iacreased by increasing the armature
current or decreasing the field current. The power supply
biock diagram is shown in figure 14 and was designed to
convert the available 3-phase 440 volt power line into two
variable voltage direct-current power supplies for the
motor. The power supplies arxe Jescribed below.
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a.) Motor Armature Power Supply

The power supply for the armature windings can pro-
vide a maximum of 230 volts at 115 amperes direct current to
tre windings. The output voltage can be varied from 0 - 230
volts by manually rotating a wheel attached to a 3-phase
variable transformer.

b.) Motor Field Power Supoly

The power supply for the motor field windings can
provide a maximum of 230 volts at 0.835 amperes direct
current to the windings. 3In order to increase the motor
speed beyond the base speed of 1750 r.p.m., a series vari-
able rheostat is used to decrease the field curreat, thereby
increasing the motor speed to 3600 r.p.m.

c.) Control Circuit For Power Supply

A control network was designed for the motor power
supply to provide the saféty features needed to preveat
overloading of any part of the circuit. The control network
circuit diagram is shown in figqure 15.

4.1 Fator Tachifagelay -

i tacliometer 1s coupled to the motor shaft to pro-
vide the motor (and fan) speed. The motor speed can de read
on the power supply console by means of a voltmeter. A
calibration of motoxr speed versus tachometer voltage is shown
in figure 16. S
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CHAPTER 4

WIND TUNNEL MSASUREMENTS AND CALIBRATION

4.1 Initial Operation -

Following the assembly of the various tunnel components,
a series of tests were performed to obtain a tunnel calibra-
tion and evaluation of its performance. Preliminary deasure-
ments indicated that a static pressure of approximately 2.5
1b/in.2 below ambient pressure could be obtained at maximum
fan speed. This value was useful in determining the neces-
sary range of préssure—maasuring equipment neecded for the
.tunnel calibration.

4.2 " Static Pressure Measurements

The test section static pressure was measured along its
length by means of nine static pressure orifices in the test
section wall. The static pressure orifices were .020 in. dia-
meter holes drilled through the test section walls and
egquispaced 4 in. apart along the test section length. A
0.125 in. diameter spotface 0.188 in. deep on the test
section outside surface was made with copper tubing (0.50 in.
loﬂg) epoxied into each spotface. The static pressure at
.each station was read on a 50-inch manometer rack.

4.3 Total Pressure NMeasurements

The total, or stagnation, pressure in the test section
was measured with a pitot tube rake which spanned the test
section. The rake consisted of seven pitot tubes spaced 1 irn.
apart and made from 0.35 diameter hypodermic tubing. The
rake could be attached at various locations along the test
section wall. The pitot rake was attacheé to a manometer
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bank with which the variation of total pressure across the
test section could be measured.

4.4 Dynamic Pressure Measurement

The test section dynamic pressure can be obtained from
xnowledge of the total and static pressure in the test
section. Us;ng the iseatropic relations for steady flow,

one obtains the following equat;onlo for the flow Mach

number ) gt i -
2 2. P°) ¥

.where Po is the total pressure, Ps the static pressure and
- a the specific heat ratio (for air v = 1.4). Substituting
the following relations ' ' .

v?.

one obtains
i
P—Ps { 3= 2z VO
i z (4.3)

where 1/2 p"2 is the dynamlc pressure. For values of M less

than v 2/{y-1) equation (4.3) can be expanded to give

._tf." 2-¥)M?%  (z-% 5—275)M‘
=(H’4 +("zT"__+( 5 )(44)

Using Y = 1.4 for air one obtains

P Ps [~
hﬂ hd
T —+ + M2 (4.5)
L (} + 30 taxm:-k’ ;>
zfPY
As the Mach number approaches zero, the above equation reduces
to the incompressible Bernoulli equation
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An interesting result from equation (4.4) is that, for
Mach numbers up to 0.6, the right hand side of the eguation
varies linearly with the ratio POIPS to within 0.5%. The
equation for the dynamic pressure reduces to

RN V?.___ Po-' P_c, . <

zf 5FAT Po/p 1 0655 y MSoo (4.7)

which is expressed as a functin: of only the total and

static pressures.

4.5 Dynamic Pressure Variation Across Test Sec.ion

Using the pitot tube rake, the dynamic pressure varia-
tion across the test section was measured at the test
section inlet and exit. The.variation of dynamic pressure
at the two stations is shown in figure 17. The maximum
variation at both stations is within 0.2% of the mean dyaamic

pressure.

4.6 Axial Dvnamic Pressure Variation

The dynamic pressure was measured at the test section
axial position corresponding to the location ianlet stati
pressure tap (X = -16 in.) and exit static pressure tap
(X = +16 in.). The difference between the inlet and exit
Gynamic pressure is shown in figure 18 as a percent of the
dynamic pressure at the center (X = 0). The dynamic
rressure along the test section decreases in the downsirean
direction, indicating a slight overexpansion of the test
section walls. The variation of dynamic pressure {rom
inlet to exit is approximately 2% at the maximum tunnel
dynamic pressure. This corresponds to a variation of 0.Co03%
per inch in dynamic pressure. The overexpansion of the test
section walls can be remedied, if necessary, by the addi-
tion of taper strips aloﬂg the test section corners.

4.7 Test Section Speed Setting

In order to determine the dynamic pressure througn th

test section while a model is being tested, it is Iupractical
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to insert a pitot-static tube into the tunnel, since it would
both interfere with the flow over the model and its reading
would be affected by the presence of the model. A standard
method to determine the test section dynamic pressure is by
measuring the difference in static pressure between two loca-
tions on the contraction section. Once the relation between
the taps on the contraction section and the test section
dynamic pressure is obtained, the tunnel speed can be deter-
mined in subsequent tests by measurement of the static pressure
difference.

Two pressure taps wefe installed in the coatraction sec-
tion, and a micronanometer was used to measure the pressure
difference. The_micromanometer'fluid used was "Meriam Red."
A calibration of this fluid is shown in figure 19. The
resolution of the micromanometer is 0.001 in. The test sec-
tion dynamic pressure was measured at its centerline (X = 0)
using the methods described in sections 4.2, 4.3 and 4.4.

The test section dynamic pressure versus static pressure aif-

ference (AP ) is shown in figure 20. A second order egua-

set
tion was fitted to the calibration to give the following
relation for test section dynamic pressure in 1lb/sqg. in.
i =_ P c

where_APset is in 1b/sqg. - in. The pressure difference in
1b/sq. in. is obtained by multiplying the appropriate fluid
density (from figure 19) by the measured height of manometer
£luid.

The maximum test section dynamic pressure is apProxi-

mately 2.6 1lb/sq. in. for zero blockage.

4.8 Wind Tunnel Speed Resolution

The pover supply for noios spzed contirol can provia- ~on-
L3

N LN BRI L I AT L R L TR |
tinuous variation of fun spced from Jess than 2 r.p.m. Lo
3000 r.p.m. Adequate control of motor spcod chaages cun Lo

obtained using the 20-inch wheel on the motor speed control
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with approximately 180° rotation for maximum tunnel speed.
This corresponds to approximately 3 ft/sec/degree. .

The micromanometer used for speed setting provides a
measurement of test section dynamic pressure with a resolution
of $0.0005 lb/in.z. This corresponds to an error in velocity
of 7.8 ft/sec.

4.9 Turbulence Measurements

The turbulence level in the test section was measured
using a hot wire metnod. A detailed description of the equip-
ment used and data reductioh_is presented in Apperdix A. The
measured turbulence is shown in figure 21 for severxal tunnel
speeds. It should be noted that the measurements were macde
with a single wire, so that the measured twbulence represents
only the longitudinal and vertical velocity fluctuations due
to the orientation of the wire. Denoting the axial and verti-
cal velocity fluctuation by ;z.and ;z;_the measured fluctuation

is — . -
VvE _VVE+ Ve

Vo' Vo (4.9)

For isotropic turbtlence in the test section, as Gefined in
section 2.5, the turbulence level would be

{7i
_I:so-rzc?»c = Q707 -V (4.10)
(-4

Tne measurements were made over a frequency band of 10 - 5000
cycles per second. The fluctuating component of wire voltage
could be doubled by increasing the frequency band to 10,000
cycles'per second. However, the major portion of the noise
in the frequency range between 5,000 and 10,000 cycles was
due to the wire support which was ringing at approximately
8,000 cycles. The audible ringing was verified with a micrc-
phone to be of the same freguency as that observed oa the
wire output voltage with a spectral analyzer.

ORIGINAL PAQE IS
OF POOR QUALITY
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A qualitative indication of the low turbulence level in
the test section can be inferred from measurements which show
that the boundary layer on the test sectioa walls is laminar.
This aspect is described in sectioa 5.3.
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CHAPTER 5

EVALUATION OF TUNNEL PIRFORMANCE

5.1 Comparison of Wind Tunnel Performance with Predicted
Performance

The design of the wind tunnel, and in particular the

fan and motor selection, was based entirely on calculations
described in Chapter 2. The reliability of these calcula-
tions is, therefore, an important consideration, since they
can ultimately affect the wind anel performance. In aédi-
tion to calibration and measur- - .t of the c.:rbule..:. level
in the test section, measurementcs were made of various tunnel
parameters and compgred with predicted values.

5.2 Pressure lLosses in the Effuser

The pressure losses in the stilling section and contrac-
tion section (effuser) were measured with total pressure
rake (section 4.3) at the contraction section’exit.. The total
pressure was measured relative to the ambient (test xroom)
pressure and thus indicated the loss in total pressure.
The predicted and measured pressure loss coefficient for
the effuser is shown in figure 22, The results obtained agree
with the predicted values for one test section dynamic pres-
sure. The deviation of the pressure loss coefficient
obtained experimentally from that predicted is probably due
to variation of the screen pressure loss coefficient with
velocity in the stiliing section (see figure 3). This was
not.taken into account in the oricinal calculations, since
it represents a 2% change in the to:al tunnel pressure loss
coefficient. 1In addition, the accuracy of the screen loss
coefficient for a given mesh size is within the error iatro-
duced by omission of this elfect.
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5.3 Test Section Losses
The losses in the test section were obtained by measuring

the static pressure along the test section walls. Assuming

a laminar boundary growth along the test section walls, the
calculated pressure losses are in very good agreement with

the reasured pressure losses (Figure 23). The test section
taper, which was designed for a turbuleat boundary layer
growth, provides more expansion than is necessary for a
laminar boundary layer growth. This is reflected by a
decrease in dynamic pressure along the test section (see sec-
tion 4.6). Using the exact methods for computing the pressure
losses in laminar flowil1
results obtained with equation (2.16), provided an initial
value of boundary layer thickness is assumed at the start

. one can obtain good agreement with

of the test section.

5.4. Diffuser Performance

The primary consideration in the diffuser performance
is the possibility of flow separation along its length,
since this would incur additional pressuré losses not accounted
for in the calculations (section 2.4b). To indicate possible
separation in the diffuser, static pressure taps were located
along its length. Measurements of static pressure were made
over the entire tunnel speed range with no evidence of
separation along the diffusexr. A typical diffuser recovery
pressure plot is shown in fiqure 24, indicating no discon-
tinuity in the curve. -

Measurements of pressure losses in the diffuser were
not made, since these are reflected in the total. power.-
required measurements and overall pressure losses {or the
circuit. ‘

5.5 Fan Pressure Rise
The single parameter needed to obtain the power required

and wind tuanel energy ratio is the fan static pressure rise,
AP, as a function of mass flow through the test section.

ORIGINAL PAGE 1Y
OF POOR QUALITY
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Tables of fan characteristics were made available by the
manufacturer from which the fan pressure rise could be
obtained. The mass flow, measured at the test section and
the fan speed where the two quantities necessary to deter-
mine the fan pressure rise. A plot of fan characteristics
with the measured tunnel parameters is shown in figure 25.
The fan pressure rise versus mass flow is shown in figure
26, and comparison with the predicted tunnel pressure losses
from figure 10 sths excellent agrgemént for the zero block-
age results. .

5.6 Power Recuirements

The power required for the tunhel can be obtained froa
a knowledge of the fan pressure rise and mass flow using
eguation (2.8). The required motor brake-horsepowexr is
the power divided by the fan efficiency. The measured and
calculated power reqﬁirements are shown in figure 27, again
showing excellent agreement between the measured and pre-

dicted values.

5.7 Energy Ratio

The energy ratio as defined in equation (2.9) is a
measure of tunnel efficiency. The measured and predicted
values of energy ratio are shown in figure 28.

5.8 Fan Efficiency

The fan chosen for the tunnel was selected to provide
operation of the tunnel near maximum fan eificiency. The
fan characteristics for three selected mass flows are shown
in figure 29, indicating the wind-tunnel operating point at
these mass flows. As can be seen from this graph, the
tunnel operates near the maximum fan efficiency over the
entire range of tunnel speeds.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary of Wind Tunnel Design and Construction

An open circuit wind tunnel was designed and constructed
for use with a magnetic suspension system. The goals in
the design were to make a low cost, high efficiency wind tun-
nel with implementaticn of methods for reduction of turbulence
in the test section. The selection of the fan and motor for
fﬁe wind tunnel was based on calculations discussed in the
text and chosen to provide fan operation near its maximum
efficiency. A power supply for motor speed control was
designed which provides continuous motor speed variatioas
from ~0 to 3000 r.p.m.

Calibration of the tunnel test section showed the maxi-
mum dynamic pressure to be 2.6 lb/in2 for zero blockage at
a maximum Reynolds number of 5 x 106-per foot and Mach number
of 0.55. ‘

Measurements were made to compare tunnel operating
characteristics with caiculations -and found these to be in
excellent agreement. The fan operates at maximum efficiency
over the entire tunnel speed range.

The tunnel energy ratio was predicted by calculations
and measured to be approximately 6.0 at half maximum speed
(230 ft/sec).

The test section turbulence level was measured with a
hot-wire and found to be less than 0.26% for freestream
Reynolds numbers below 1.9 x 106 per foot. The test section
velocity for this level of turbulence was 300 feet per second.
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~ The methods for calculating pressure losses and power
requirements for subsonic wind tunnels are outlined, and
comparison with measurements show them to be in evrellent

agreement.

6.2 Wind Tunnel Operation with a Magnetic Susvension Svsienm
2 an X Y

The primary puipose of this wind tunnel was to provide
low cost operational experien-e and aerocvnamic data with a
magnetic suswension system. The wind tunnel has thus far
proved to be operationally reliable and simple to operate.
A substantial amount- of aerodynamic data has been obtained
with this tunnel- and magnetic suspension system ior which
it was designed, the results of which are published ina the

literaturelz'l3.
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APPENDIX A

A.l Hot Wire Construction

The hot-wire probe used for meusuring the turbulence
level in the test section was made with a 0.125 diameter
nypodermic tubing. The support prongs for the wire were
made from needles epoxied to the probe and spread approxi-
mately 0.188 inclLes apart. The wire itself was 0.00012 in.
diameter tungsten wire. The wire was corper plated at the
ends, leaving approximately 9.080 irn. of unplated wire in
the middle. The plated ends were then soldered co the
support prongs. The support prongs were elec’ * . + con-
nected to two wires which were fed through static pressure
taps in the tunnel wall, The probe itsell was mounted on
- a stand attached to the tunnel walls.

A.2 Instrumentation

A constant current hot-wire anemometer system manufac-
tured by Shapiro and Edwards (Model 50) was used with the
hot-wire. The system consists of-an amplifier for the wire
output and contains the following items.

i.) Current Control Panel - provides current to the
hot-wire as well as switching circuitry for the other
components of the system.

ii.) Bridge and Potentiometer Circuits - used to measure
the mean wire resistance, voltage and current.
iii.) Mean-Square Meter (thermocouple type) - measures the
mean-square voltage fluctuations across the hot-wire.
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iv.) Sguare-Wave Generator - used for calibrating the
mean square-meter output as well as to set the compensation
for the hot wire (duve to its thermal inertia).

A.3 GHot-Wire Calibration

For a given hot-wire the relation between the wire

fesistance, R, ar.d velocity over the wire, V, has been
. A -
snownl to be of the iorm

_R _A+B/V (a.1)
- Rg

where i is the wire current and Rg is the wire "coig"
resistance or unheated resistance. The constants A and B
can be determined for a given wire by measuring the flow
velocity and the wire resistance at constant current. The
calibration curve for the wire used is shown in figure a-1
at two difierent heating currents. The slope of cach curve

gives the value of B from equation (A.l).

A.4 EHot-Wire Response to Velocitv Fluctuations

Using equation (A.l) for steady flow and substituting
R=R+rand V=V + v, where r and v are fluctuations with
zZero mean value one obtains

.Z —_—
2(R+r) — 0.5
_S-—-———-—-: A+B('V+V) (A.2)

—

R +r—Kg
If the fluctuations in resistance are small compared
.to the mean value of th2 resistance (r << R) equation

(A.2) becomes

— - = = 2 -
V  osV®(R-Rg) (2.3)
where e = ir. —
The root-mean—-sguare of the velocity V- v2

—\Ti = (,123\/5—?'

v oS BY°S(R-RY)

(2.4)
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Measurement of the root-mean-square voliage £luctuation
oif the wire will give the root-mean square velocity fluctuation
once the wire has been calibrated as described in section A.3.
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* Figure 29.  Fan efficiency versus motor speed



62

14
‘ "B ipzar S16.18 ma.
= 2 O. iyear 3217 ma. -
&
=
<
q) 10 —
=
o Q:o
Nt .
x g —
6 I l l l !

6 8 10 12 - 14 16 i8
JV_ (FT/sec)V?

Figure A-l. Hot wire calibration versus freestream velocity



63

BIBLIOGR2PHY

Stephens, T., “"Design, Construction and Evaluation ol
a Magnetic Suspension System for Wind Tunnels,”
M.I.T. Aeropnysics Laboratory TR 136 November 1969.

Pope, A., Wind Tunnel Testing, John Wiley and Sons,
inc., November 1958.

Pankhurst, R. C. and Hobler, D.W., Wind Tunnel Technicue,
Pitman Publishing Corp., New York,1952.

Scnlichting, H., Boundary Laver Theory, McGraw—-Hill Dook
Co. ’ 1955. )

Roberts, H. E., "Considerations in the Design of a Low
Cost Wind Tunnel,“ Paper presented at the 14th Annual
Meeting of the I.A.S., January 1946.

Collar, A. R., "The Effect of Gauze on the Velocity
Distribution in a Uniform Duct,” R and M No. 1867,
1939.

Batchelor, G. XK., "On the Concept and Properties of
Idealized Hydrodynamic Resistance,"™ BA.C.A. 13, 1945.

Dryden, H. L. and Schubauer, G. H., "The Use of Damping
Screens for the Reduction of Turbulence," J.A.S. Vol. 14,
pP. 221, 1947.

Tsien, H. S., "On the Design of the Contraction Cone
for a Wind Tunnel," J.A.S., Vol. 10, p. 68, 1943.

Ames Research Stafif, "Equations, Tables and Charts for
Compressible Flow," NACA Reporxrt 1135, 1953.

Rosehhegd, L.,'Editor, Laminar Boundary Lavers, Oxford
Un® rersity Press, 1963.




12.

13.

14.

64

~ BISLIOGRAPHY (Continued)

Viajinac, M. ané Gilliam, G. D., "Aerodynamic Testing
on Conical Configurations Using a Magnetic Suspension
System,* M.I.T. Aerophysics Laboratory TR 162
November 1969.

Judd, M., Vlajinac, M., Covert, E.E., "Sting-Free
Drag Measurements on Elliipsoidal Cylincders at Low
Reynolds Numbers" (to be published)

Kovasznay, L.S.G., Section F, Physical Measurements
in Gas Dynamics and Combustion, Volume IX, Eigh Speed
Aerodynamics and Jet Propulsion, Princeton Uaiversity
Press, 1958.






